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Desription of quadrupole olletivity in N ≈ 20 nulei with tehniques beyond the
mean eld.
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Properties of the ground and several olletive exited states of the light nulei
30,32,34Mg are
desribed in the framework of the angular momentum projeted Generator Coordinate Method using
the quadrupole moment as olletive oordinate and the Gogny fore as the eetive interation.
The alulated exitation energies and B(E2) transition probabilities agree reasonably well with
experiment. The results learly indiate that both the restoration of the rotational symmetry and
the quadrupole dynamis are key ingredients for the desription of the properties of the above
mentioned nulei.
21.60.Jz, 21.60.-n, 21.10.Re, 21.10.Ky, 21.10.Dr, 27.30.+t
I. INTRODUCTION
Nowadays, the region of neutron-rih nulei aroundN = 20 is the subjet of ative researh both in the experimental
and theoretial side. The reason is the strong experimental evidene towards the existene of quadrupole deformed
ground states in this region. The existene of deformed ground states implies that N = 20 is not a magi number
for the nulei onsidered, opening up the possibility for a better understanding of the mehanisms behind the shell
struture in atomi nulei. In addition, the extra binding energy oming from deformation an help to extend thereby
the neutron drip line in this region far beyond what ould be expeted from spherial ground states. Among the
variety of available experimental data, the most onvining evidene for a deformed ground state is found in the
32Mg nuleus where both the exitation energy of the lowest lying 2+ state [1℄ and the B(E2, 0+ → 2+) transition
probability [2℄ have been measured. Both quantities are fairly ompatible with the expetations for a rotational state.
Theoretially, from a shell model point of view, the deformed ground states are a onsequene of the lower energies
of some intruder 2p− 2h neutron exitations into the fp shell as ompared to the pure sd onguration [3℄. In terms
of the mean eld piture of the nuleus, a quadrupole deformed ground state only appears after taking into aount
the zero point rotational energy orretion to the mean eld energy [48℄.
In a previous paper [9℄ we have omputed angular momentum projeted (AMP) energy landsapes, as a funtion of
the mass quadrupole moment, for the nulei
30−34Mg and 32−38Si. We have found that the projetion substantially
hanges the onlusions extrated from a pure mean eld alulation. In all the nulei onsidered, exeption made of
34Mg, two oexistent ongurations (prolate and oblate) have been found with omparable energy indiating thereby
that onguration mixing of states with dierent quadrupole intrinsi deformation had to be onsidered. The purpose
of this paper is to study the eet of suh onguration mixing for the nulei
30−34Mg. The Si isotopes have been
disregarded in this work as there are indiations [7℄ that triaxiality eets ould be relevant for the desription of
their ground states and, for the moment, our alulations are restrited to axially symmetri (K = 0) ongurations.
In our alulations we have used the Gogny fore [10℄ (with the D1S parameterization [11℄) whih is known to
provide reasonable results for many nulear properties like ground state deformations, moments of inertia, ssion
barrier parameters, et, all over the periodi table. As the results presented in this paper will show, this fore is
also suited for the desription of quadrupole olletivity in N ≈ 20 nulei. Additional results for 32Mg with older
parameterizations of the Gogny fore are also disussed. Finally, let us mention that similar alulations to the ones
disussed here using the Skyrme interation have reently been reported [12℄.
II. THEORETICAL FRAMEWORK
To ompute the properties of the ground and several olletive exited states of the nulei onsidered in this paper we
have used the angular momentum projeted Generator Coordinate Method (AMP-GCM) with the mass quadrupole
moment as generating oordinate. To this end, we have used the following ansatz for the K = 0 wave funtions of
the system
∣∣ΦIσ〉 =
∫
dq20f
I
σ(q20)Pˆ
I
00 |ϕ(q20)〉 (1)
1
In this expression |ϕ(q20)〉 is the set of axially symmetri (i.e. K = 0) Hartree-Fok-Bogoliubov (HFB) wave funtions
generated by onstraining the mass quadrupole moment to the desired values q20 = 〈ϕ(q20)| z2− 1/2(x2+ y2) |ϕ(q20)〉
(please, notie that this denition is a fator 1/2 smaller than the usual denition of the intrinsi quadrupole moment).
The intrinsi wave funtions |ϕ(q20)〉 have been expanded in a Harmoni Osillator (HO) basis ontaining 10 major
shells and with equal osillator lengths to make the basis losed under rotations [13℄. The rotation operator in the
HO basis has been omputed using the formulas of [14℄.
The operator
Pˆ I00 =
2I + 1
8π2
∫
dΩdI00(β)e
−iαJˆze−iβJˆye−iγJˆz (2)
is the usual angular momentum projetor with theK = 0 restrition [15℄ and f Iσ(q20) are the olletive wave funtions
solution of the Hill-Wheeler (HW) equation
∫
dq,20H
I(q20, q
,
20)f
I
σ(q
,
20) = E
I
σ
∫
dq,20N
I(q20, q
,
20)f
I
σ(q
,
20). (3)
In the equation above we have introdued the projeted norm N I(q20, q
,
20) = 〈ϕ(q20)| Pˆ
I
00 |ϕ(q
,
20)〉, and the projeted
hamiltonian kernel HI(q20, q
,
20) = 〈ϕ(q20)| HˆPˆ
I
00 |ϕ(q
,
20)〉. As the generating states Pˆ
I
00 |ϕ(q20)〉 are not orthogonal,
the olletive amplitudes f Iσ(q20) annot be easily interpreted. This drawbak an be easily overome by introduing
[16℄ the so-alled natural states
∣∣kI〉 = (nIk)−1/2
∫
dq20u
I
k(q20)Pˆ
I
00 |ϕ(q20)〉
whih are dened in terms of the eigenstates uIk(q20) and eigenvalues n
I
k of the projeted norm, i.e.∫
dq,20N
I(q20, q
,
20)u
I
k(q
,
20) = n
I
ku
I
k(q20). The orrelated wave funtions
∣∣ΦIσ〉 are written in terms of the natural
states as
∣∣ΦIσ〉 =
∑
k
gσ,Ik
∣∣kI〉
where the new amplitudes gσ,Ik have been introdued. In terms of the amplitudes g
σ,I
k the olletive wave funtions
gIσ(q20) =
∑
k
gσ,Ik u
I
k(q20) (4)
are dened. They are orthogonal and therefore their module squared has the meaning of a probability. The intro-
dution of the natural states also reveals a partiularity of the HW equation: if the norm has eigenvalues with zero
value they have to be removed for a proper denition of the natural states (i.e. linearly dependent states are removed
from the basis). In pratial ases, in addition to the zero value eigenvalues also the eigenvalues smaller than a given
threshold have to be removed to ensure the numerial stability of the solutions of the HW equation. In order to
aount for the fat that the mean value of the number of partiles operator
〈
ΦIσ
∣∣ Nˆτ ∣∣ΦIσ〉 (τ = π, ν) usually diers
from the nuleus' proton and neutron numbers we have followed the usual reipe [17,18℄ of replaing the hamiltonian
by Hˆ − λπ(Nˆπ − Z)− λν(Nˆν −N) where λπ and λν are hemial potentials for protons and neutrons respetively.
Conerning the density dependent part of the Gogny fore we have used the usual presription already disussed
in Refs. [18,9,19℄. It amounts to use the density
ρ(~r) =
〈ϕ(q20)| ρˆe−iβJˆy |ϕ(q
,
20)〉
〈ϕ(q20)| e−iβJˆy |ϕ(q
,
20)〉
(5)
in the density dependent part of the interation when the evaluation of 〈ϕ(q20)| Hˆe−iβJˆy |ϕ(q
,
20)〉 is required in the
alulation of the projeted hamiltonian kernels.
It has to be kept in mind that the solution of the HW equation for eah value of the angular momentum I determines
not only the ground state (σ = 1), whih orresponds to the Yrast band, but also exited states (σ = 2, 3, . . .) that,
with the set of generating wave funtions used in these alulations, ould orrespond to solutions with a dierent
deformation from the one of the ground state and/or to quadrupole vibrational bands.
Finally, let us mention that, as the intrinsi wave funtions |ϕ(q20)〉 are determined before the projetion onto
angular momentum, the proedure desribed above is of the projetion after variation (PAV) type. It is well known
2
[16℄ that the PAV method yields the wrong moments of inertia, at least in the translational ase, and a way to ure this
deieny is to onsider a projetion before variation (PBV) whih is muh more diult to implement beause the
intrinsi wave funtions have to be determined for eah value of the angular momentum I using the Ritz variational
priniple on the projeted energy (see [20℄ for the appliation of PBV with small onguration spaes). To illustrate
the onsequenes of the PBV method it is onvenient to onsider a strongly deformed intrinsi onguration |ϕ(q20)〉
as in this ase it is possible to obtain [16℄ an approximate expression for the (PAV) projeted energy EPAV (I) =<
H > −<
~J2>
2JY
+ h¯
2I(I+1)
2JY
where JY is the Yooz (Y) moment of inertia. In this expression we reognize the rotational
energy orretion
<~J2>
2JY
and the usual rotor-like expression for the energy of the band
h¯2I(I+1)
2JY
. It was shown in
[21℄ (see also [22℄) that starting from the projeted energy and making an approximate projetion before variation
(PBV) one obtain for the energy of the rotational band the following expression EPBV (I) =< H > −
<~J2>
2JY
+ h¯
2I(I+1)
2JTV
where JTV is the Thouless-Valatin (TV) moment of inertia. This implies that for the determination of the zero point
rotational energy orretion (whih is very important as it an dramatially hange the energy landsape as a funtion
of the quadrupole moment) one has to use the Yooz moment of inertia (i.e. PAV is good) but for the moment of
inertia of the band one has to use the Thouless-Valatin expression or arry out a full PBV alulation.
Taking into aount that, in the limit of strong deformation the PBV for the restoration of the rotational symmetry
yields to the well known Self Consistent Cranking (SCC) method, a possible way to improve the AMP-GCM would be
to onsider for the intrinsi states a set of wave funtions
∣∣ϕI(q20)〉 solution of the SCC-HFB equations for eah spin
I. However, this would lead to a triaxial projetion whih is extremely time onsuming and also to the issue of how
to handle ongurations with q20 values lose to spheriity where the SCC-HFB is no longer a good approximation
to the PBV theory.
In order to explore the eet of the PBV in our alulations we will restraint ourselves to perform SCC-HFB alu-
lations for seleted ongurations and ompare the results with those of an AMP alulation on those ongurations
in order to extrat the SCC and Yooz moments of inertia. The result of the omparison is that the AMP gamma
ray energies are typially a fator 1.4 bigger than the selfonsistent ones and therefore a way to inorporate the eets
of PBV would be to quenh the bands generated by the AMP-GCM by a fator 1/1.4 ≈ 0.7. From a physial point of
view it is rather simple to understand why the AMP rotational band energies are higher than the SCC ones. For the
sake of simpliity we will onentrate on the 0+ and 2+ states. The eet of the PBV on the 0+ state is to inorporate
into the orresponding intrinsi state admixtures of two, four, et quasipartile ongurations oupled to K = 0. For
the 2+ state we an also mix K = 1 and K = 2 multiquasipartile ongurations that make the variational spae
bigger and therefore leads to a higher energy gain for the 2+ state as ompared to the energy gain of the 0+ state
reduing thereby the orresponding 2+ gamma ray energy.
III. DISCUSSION OF THE RESULTS
A. Mean eld and angular momentum projeted energies
In gure 1 we have plotted the I = 0h¯, 2h¯, 4h¯, 6h¯ and I = 8h¯ projeted energies EI(q20) = HI(q20, q20)/N I(q20, q20)
as a funtion of q20 for the nulei
30,32,34Mg. The HFB energies have also been plotted for omparison. The projeted
energy urves an be regarded as the potential energies felt by the quadrupole olletive motion and therefore give us
indiations of where the olletive wave funtions will be onentrated.
Before ommenting the physial ontents of the urves we have to mention that, exept for the I = 0h¯ urves,
several values around q20 = 0 are omitted. They orrespond to intrinsi ongurations with a very small value of
the norm N I(q20, q20), that is, to ongurations whose I = 2h¯, 4h¯, . . . ontents are very small. As a onsequene, the
evaluation of the projeted energies in these ases is vulnerable to strong numerial inauraies. Fortunately, the
smallness of their projeted norms guarantees that these ongurations do not play a role in the onguration mixing
alulation (the assoiated norm eigenvalues nIk are very small) and therefore an be safely omitted.
Coming bak to the projeted energy surfaes, we observe that for I = 0h¯ and 2h¯ a prolate and an oblate minima
appear with almost the same energy for the nuleus
30Mg whereas the prolate minimum beomes deeper than the
oblate one for
32,34Mg. For inreasing spins either the prolate minimum beomes signiantly deeper than the oblate
one or the oblate minimum is washed out. The prolate minima are loated, for all nulei and spin values, around
q20 = 1b that orresponds to a β deformation parameter of 0.4. On the other hand, the HFB energy urves show a
behavior rather dierent from the I = 0h¯ projeted urves showing a spherial minimum for 30,32Mg and a prolate
one for
34Mg.
[FIG. 1 about here.℄
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To disentangle the relevant ongurations of the intrinsi wave funtions we have omputed their spherial orbit
oupanies whih are given by
ν(nlj) = 〈ϕ(q20)|
∑
m
c+nljmcnljm |ϕ(q20)〉 (6)
where cnljm are the annihilation operators orresponding to spherial harmoni osillator wave funtions. In the
nuleus
32Mg the neutron ν(1f7/2) oupany is zero for q20 = 0 whereas it is almost 2 at the minimum of the
projeted energy (i.e. q20 = 1b). The onlusion is lear, the zero point energy assoiated to the restoration of the
rotational symmetry favors the onguration in whih a ouple of neutrons have been promoted from the sd shell to
the f7/2 orbit. This is in good agreement with the Shell Model piture of deformation in these nulei [3℄.
Through exhaustive mean eld studies of the nuleus
32Mg with several parameterizations of the Skyrme interation
[8℄ it has beome lear that the ourrene of deformation in this nuleus is orrelated to the relative position between
the f7/2 and d3/2 neutron orbitals. In our ase (D1S parameterization of the Gogny interation) the so-alled sd− pf
spherial shell gap for neutrons in the nuleus
32Mg, whih is given by ∆ǫf7/2−d3/2 = ǫf7/2 − ǫd3/2 (with ǫ being the
single partile energies of the spherial onguration), takes the value 5.4MeV . This value is ompatible with the
results of [8℄ and also with the value given in [23℄. Furthermore, the f7/2−p3/2 spherial energy gap is only 1.8MeV and
therefore we expet strong quadrupole orrelations between these two orbits. The values for other parameterizations
of the Gogny fore will be disussed in the last subsetion. Finally, let us mention that the quantity ∆ǫf7/2−d3/2 is
not well dened for the
30Mg and 34Mg nulei as in these two ases we have appreiable neutron pairing orrelations
and only the quasipartile energies are meaningful.
B. Angular momentum projeted Generator Coordinate alulations.
In gure 2 the olletive wave funtions squared
∣∣gIσ(q20)∣∣2 (see Eq. 4) for the two lowest solutions σ = 1 and
2 obtained in the AMP-GCM alulations are depited. We also show in eah panel the projeted energy for the
orresponding spin. We observe that the 0+1 ground state wave funtions of the
30Mg and 32Mg nulei ontain
signiant admixtures of the prolate and oblate ongurations whereas for
34Mg the wave funtion is almost ompletely
loated inside the prolate well. At higher spins, however, the ground state wave funtions are loated inside the prolate
well in all the nulei studied. Conerning the rst exited states (σ = 2) we notie that in the nuleus 34Mg and
for spins higher than zero the olletive wave funtions show a behavior reminisent of a β vibrational band: they
are loated inside the prolate wells and have a node at a q20 value near the point where the ground state olletive
wave funtions attain their maximum values. Contrary to the ase of a pure β band, the olletive wave funtions of
g. 2 are not symmetri around the node and therefore an not be onsidered as harmoni vibrations. On the other
hand, the 0+2 state of
34Mg is an admixture of prolate and oblate ongurations and an not be onsidered as a β
vibrational state. The same pattern is also seen in the other two nulei but with slight dierenes: the β like bands
appear at spins 4 and 6 for 32Mg and 30Mg respetively.
[FIG. 2 about here.℄
It is also worth pointing out that from the position of the tails of the olletive wave funtions relative to the
projeted energies (see gure aption) we an read the energy gain due to onsidering the quadrupole utuations. The
energy gain is maximal at I = 0h¯ (0.9, 1 and 0.7 MeV for 30Mg, 32Mg and 34Mg respetively) and quikly dereases
with spin reeting the narrowing of the projeted wells with spin. The S(2n) separation energies are now 7.8MeV
and 6.13MeV for 32Mg and 34Mg respetively to be ompared to the values obtained with the angular momentum
projetion [9℄ alone (7.65MeV and 6.39MeV ) and with the experimental values of 8.056MeV and 6.896MeV .
[TABLE 1 about here.℄
In order to understand in a more quantitative way the olletive wave funtions just disussed it is onvenient to
analyze the quantities
(q20)
I
σ =
∫
dq20
∣∣gIσ(q20)∣∣2 q20, (7)
that gives us a measure of the average deformation of the underlying intrinsi states, and
(
q220
)I
σ
=
∫
dq20
∣∣gIσ(q20)∣∣2 q220 −
(
(q20)
I
σ
)2
(8)
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that serves as an estimation of the wave funtions' spreading. The values of (q20)
I
σ and Σ
I
σ =
((
q220
)I
σ
)1/2
orrespond-
ing to the olletive wave funtions of gure 2 are given in table I. We observe that the 0+1 and 2
+
2 states of
30Mg are
spherial (but with strong utuations in the q20 degree of freedom) whereas the 2
+
1 state is deformed (β = 0.25). On
the other hand, the 0+1 states of
32Mg and 34Mg are deformed with β values of 0.16 and 0.3 respetively and have a
ΣI1 value rather high, possibly due to the small oblate hump. For spins higher than I = 0h¯ in
32,34Mg and I = 4h¯
in
30Mg the ground state band is strongly deformed. The spreading of the wave funtions gets smaller for inreasing
spins as expeted. The exited bands also get more deformed for inreasing spin, but their β values never oinide
with that of the ground state band. Obviously, their spreadings are bigger than for the ground state band.
[TABLE 2 about here.℄
A more preise denition of the quadrupole moment for protons for eah of the AMP-GCM states an be obtained
from the results of the exat spetrosopi quadrupole moments Qσ(I) for protons (no eetive harge has been used).
The values obtained for eah of the wave funtions
∣∣ΦIσ〉 are given in table I for the three nulei studied and σ = 1
and 2. All the spetrosopi moments are negative indiating prolate intrinsi deformations.
We an also ompute the total intrinsi quadrupole moments from the spetrosopi ones through the formula(
qint20
)I
σ
= − 2I+32I Qσ(I)
A
Z where the K = 0 restrition has been taken into aount and also the fat that our q20
values are, by denition, a fator 0.5 smaller than Q0. The fator A/Z is used to take into aount the fat that the
spetrosopi quadrupole moments are given in term of the proton mass distribution whereas the intrinsi quadrupole
moments are the total ones. As an be readily observed from table II the intrinsi quadrupole moments obtained from
the spetrosopi ones agree rather well with the orresponding average (q20)
I
σ for low spins and deviate up to a 20%
for spin 8h¯.
[TABLE 3 about here.℄
In table III the energy splittings between dierent states and the E2 transition probabilities among them are ompared
with the available experimental data. Conerning the B(E2, 0+1 → 2
+
1 ) transition probabilities we nd a very good
agreement with the only known experimental value and with the theoretial preditions of Utsumo et al. [23℄ using
the Monte Carlo Shell Model (MCSM). The 2+1 exitation energies rather niely follow the isotopi trend but they are
larger than the experimental values by a fator of roughly 1.5. This disrepany ould be the result of using angular
momentum projetion after variation (PAV) instead of the more omplete projetion before variation (PBV) that will
require for eah value of the angular momentum the alulation of the generating states from the variational priniple
on the projeted energy (see setion 2). Usually, the PBV method yields to rotational bands with moments of inertia
larger than the PAV ones [17,20℄.
A full PBV is, unfortunately, extremely ostly to implement with large onguration spaes. Therefore, to estimate
the eet of PBV in our results, we have resorted to the selfonsistent ranking method whih is an approximation to
PBV in the limit of large deformations. We have hosen the intrinsi state with q20 = 1b as the most representative
onguration (it approximately orresponds to the prolate minima in all the nulei onsidered) and omputed the
projeted energies. In addition, selfonsistent ranking alulations with the onstraints q20 = 1b in the quadrupole
moment and 〈Jx〉 =
√
I(I + 1) in the angular momentum have been performed. The ranking results for the exi-
tation energies of the 2+ state are 0.548, 0.591 and 0.571 MeV for 34Mg, 32Mg and 30Mg respetively whereas the
orresponding projeted quantities are 0.753, 0.873 and 0.895 MeV. The ranking exitation energies of the 2+ state
are a fator 0.7 smaller than the projeted ones and therefore, the eet of PBV is to inrease the moment of inertia
as ompared to the PAV method. If we onsider the redution fator as signiative (the q20 value hosen roughly
orresponds to the position of the maxima of the olletive wave funtions) and apply it to our GCM results for the
0+1 − 2
+
1 energy dierenes we obtain the values 0.71, 1.02 and 1.50 MeV for
34Mg, 32Mg and 30Mg respetively.
The new energy dierenes are in muh better agreement with the experimental values and the MCSM results than
the unorreted ones. Also the orreted energy obtained for the 4+1 state of
32Mg is in good agreement with the
exitation energy of 2.3 MeV of a state of this nuleus whih is a rm andidate to be the 4+ state belonging to the
Yrast rotational band [24℄.
Although the previous estimation an be ritiized in many ways we think it may serve as an indiation that a full
PBV will improve the results obtained here. Conerning the B(E2) transition probabilities, the main eet of the
PBV will be to shift down the I = 2h¯, . . . projeted energy urves keeping its shape mostly unaeted. Therefore, we
do not expet big hanges both in the olletive wave funtions gIσ(q20) and in the B(E) transition probabilities that
depend on them.
[FIG. 3 about here.℄
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Finally, the band energy diagrams for the three nulei onsidered are shown in gure 3 for states with exitation
energies smaller than 10 MeV. For eah nulei, the bands labeled (a) and (b) orrespond to the AMP-GCM result for
the Yrast and exited bands, the band labeled () aounts for the experimental data in
30Mg and 32Mg and for the
MCSM result in
34Mg and nally, bands (d) and (e) stand for the GCM bands quenhed by the fator 0.7 previously
disussed.
C. Results for other parameterizations of the Gogny fore.
The ourrene of quadrupole deformation in atomi nulei is the result of the ompetition between two eets;
namely, the surfae energy whih prevents deformation and the quantal shell eets whih, depending on the nuleus,
favor quadrupole deformation. It is therefore highly interesting to analyze the eet of these two aspets in the results
we have obtained for the nuleus
32Mg. To this end we have arried out alulations with two old parameterizations
of the Gogny fore; namely, the D1 and D1' parameterizations [10℄. The D1 parameterization was the one originally
proposed by Gogny and the only dierene with D1' is the spin-orbit strength whih is smaller for D1. As a result
one an expet that D1 will lead to a higher ∆ǫf7/2−d3/2 = ǫf7/2 − ǫd3/2 energy gap than D1' as it turns out to be the
ase: the value of ∆ǫf7/2−d3/2 is 6.37MeV for D1 and 5.37MeV for D1'. On the ontrary, the value of ∆ǫf7/2−p3/2 for
D1 gets redued from the 1.91MeV we obtain for D1' to the value 1.56MeV . On the other hand, D1S has the same
spin-orbit strength as D1' (the values of ∆ǫf7/2−d3/2 and ∆ǫf7/2−p3/2 given in the previous paragraph for D1' are very
lose to those of D1S given in a previous subsetion) but its surfae energy oeient is smaller than in D1'. The
need for a redution of the surfae energy oeient in D1' was evident when the ssion barriers for
240Pu [11℄ were
omputed with the Gogny fore: they ame out too high and the new D1S parameterization was proposed to ure
this deieny of the former D1' parameterization.
In gure 4 we have plotted the HFB energy urves (left panel) and the AMP energies for I = 0 (middle panel) and
I = 2 (right panel) for the three parameterizations of the Gogny fore just mentioned. We observe that the results
obtained for D1S and D1' are, apart from the overall 4MeV shift, very similar. This similarity is a lear indiation that
the value of the surfae energy parameter has no inuene on the results. The HFB result for D1 shows a shoulder at
q20 = 1b whih is loated muh higher in energy than the orresponding shoulder for D1S and D1'. As a onsequene,
the I = 0 projeted energy urve obtained with D1 shows a very shallow minimum at q20 = 0.5b. However, the
I = 2 projeted energy urves are very similar for the three parameterizations. The dierenes found between the D1
results and the ones with the two other parameterizations learly indiate the sensitivity of the quadrupole properties
of
32Mg to the relative position of the orbits involved.
[FIG. 4 about here.℄
Finally, we have arried out the AMP-GCM alulation for the D1 and D1' parameterizations of the fore and the
most important quantities obtained are summarized in table IV. As expeted from the projeted energy urves of gure
4 we obtain a rather small average quadrupole moment (q20)
I
σ for σ = 1 and I = 0h¯ with the D1 parameterization
and bigger ones for the two other parameterizations. However, the (q20)
I
σ for σ = 1 and I = 2h¯ are rather similar in
the three ases. The smaller value of (q20)
0
1 for the D1 parameters gets reeted in a muh smaller B(E2) transition
probabilities than for the two other parameterizations. Finally, the exitation energy of the 2+1 state with respet to
the ground state turns out to be signiantly bigger for D1 than for the other parameter sets, being the results of D1'
and D1S in reasonable agreement. The nal onlusion of this omparison is that the energy gap ∆ǫf7/2−d3/2 seems
to be a relevant parameter in order to reprodue the properties of
32Mg.
[TABLE 4 about here.℄
IV. CONCLUSIONS
In onlusion, we have performed angular momentum projeted Generator Coordinate Method alulations with
the Gogny interation D1S and the mass quadrupole moment as generating oordinate in order to desribe rotational
like states in the nulei
30Mg, 32Mg and 34Mg. We obtain a very well deformed ground state in 34Mg, a fairly
deformed ground state in
32Mg and a spherial ground state in 30Mg. In the three nulei, states with spins higher or
equal I = 4h¯ are deformed. The intraband B(E2) transition probabilities agree well with the available experimental
data and results from shell model like alulations. The 2+ exitation energies follow the isotopi trend but ome out
a fator 1.5 too high as ompared with the experiment. We attribute the disrepany to the well known deieny of
6
Projetion After Variation alulations of providing small moments of inertia. However, we onsider the agreement
with experiment to be remarkable taking into aount that the same fore used in this alulation is also able to give
reasonable values for suh dierent quantities as ssion barrier heights, moments of inertia of superdeformed bands,
the energy of otupole vibrations, et in heavy nulei. The sensitivity of the results to other parameterization of the
Gogny interation is also analyzed and the onlusion is that the D1 parameter set fails to reprodue the properties
of
32Mg being the spin-orbit strength the responsible for suh failure.
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FIG. 1. The HFB (dashed line) and angular momentum projeted energies (I = 0h¯, 2h¯, . . . , 8h¯) for the nulei onsidered.
See text for further omments.
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FIG. 2. The olletive amplitudes |gIσ(q20)|
2
(thik lines) for σ = 1 (full) and 2 (dashed) and spin values of I = 0h¯, . . . , 8h¯
for the nulei
30Mg, 32Mg and 34Mg. The projeted energy urve for eah spin is also plotted (thin line). The y-axis sales
are in energy units and always span an energy interval of 13 MeV (minor tiks are 0.5 MeV apart). The olletive wave
funtions |gIσ(q20)|
2
have also been plotted against the energy sale after a proper saling and shifting, that is, the quantity
EIσ + 15× |g
I
σ(q20)|
2
is the one atually plotted. With this hoie of sales we an read from the gure the energy gain due to
the quadrupole utuations by onsidering the position of the wave funtions' tail relative to the projeted urve.
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FIG. 3. Colletive bands for the three nulei studied. Bands a) and b) orrespond to the AMP-GCM results for the ground
and rst exited band. ) is the experimental band (in the ase of
34Mg the MCSM predition of [23℄ has been used). Finally,
bands d) and e) are the AMP-GCM results quenhed by the fator 0.7 disussed in the text
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30Mg 32Mg 34Mg
I (q20)
I
1
ΣI1 (q20)
I
2
ΣI2 (q20)
I
1
ΣI1 (q20)
I
2
ΣI2 (q20)
I
1
ΣI1 (q20)
I
2
ΣI2
0 0.091 0.558 0.626 0.685 0.436 0.692 0.396 0.601 0.788 0.691 0.440 0.723
2 0.579 0.588 0.092 0.750 0.885 0.482 0.393 0.859 1.052 0.455 0.644 0.658
4 0.962 0.387 0.215 0.716 1.012 0.388 1.041 0.723 1.136 0.387 0.819 0.573
6 1.087 0.300 0.581 0.557 1.084 0.363 1.264 0.554 1.188 0.354 0.860 0.528
8 1.131 0.289 1.470 0.562 1.151 0.368 1.293 0.515 1.226 0.332 0.926 0.560
TABLE I. The average intrinsi quadrupole moment (q20)
I
σ
and utuations ΣIσ =
√(
q220
)I
σ
in barns for the three nulei
onsidered.
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σ = 1 σ = 2
2 4 6 8 2 4 6 8
30Mg -13.79 -27.01 -32.43 -35.36 -3.11 -10.07 -21.48 -38.35
32Mg -19.15 -26.31 -30.09 -31.75 -8.63 -23.07 -27.22 -29.01
34Mg -20.78 -27.59 -31.27 -33.70 -15.16 -21.58 -25.34 -26.1
TABLE II. Spetrosopi quadrupole moments in efm2 for I = 2h¯, 4h¯, 6h¯ and 8h¯ and σ = 1 and 2 for the three nulei
onsidered in this paper.
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Cal. Energies (MeV) Exp. Cal. B(E2)e2fm4 Exp.
0+1 − 2
+
1 0
+
1 − 0
+
2 2
+
1 − 2
+
2 0
+
1 − 2
+
1 0
+
1 → 2
+
1 0
+
1 → 2
+
2 0
+
2 → 2
+
2 0
+
1 → 2
+
1
30Mg 2.15 2.30 1.60 1.482 229 3 218 300(*)
32Mg 1.46 1.77 3.35 0.885 395 3.4 199 454±78
34Mg 1.02 2.35 3.31 0.75(*) 525 0 290 580(*)
TABLE III. Calulated and experimental results for exitation energies and B(E2, 0+σ1 → 2
+
σ2
) transition probabilities. In
the experimental data olumns values marked with an (*) orrespond to Monte Carlo Shell Model results taken from Ref. [23℄.
The experimental data for the exitation energies have been taken from [1℄ for the
32Mg nuleus and from [25℄ for 30Mg. The
B(E2) transition probability has been taken from [2℄.
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(q20)
0
1
(q20)
2
1
B(E2, 0+1 → 2
+
1 ) E0+
1
−2
+
1
∆ǫf7/2−d3/2 ∆ǫf7/2−p3/2
D1 0.185 0.785 138 2.25 6.37 1.56
D1' 0.381 0.869 299 1.67 5.37 1.91
D1S 0.436 0.885 385 1.46 5.37 1.80
TABLE IV. Results of the AMP-GCM alulations for
32Mg and the parameterizations D1, D1' and D1S of the Gogny
interation. The average quadrupole moments (q20)
I
σ for the ground state band and spins 0 and 2 are given, in barns, in
the rst two olumns. In the third olumn the B(E2) transition probabilities in e2fm4 are given. In the fourth olumn the
exitation energy of the 2+1 state with respet to the ground state is given in MeV . Finally, in the last two olumns the energy
gaps ∆ǫf7/2−d3/2 and ∆ǫf7/2−p3/2 are given in MeV .
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